Receptor-interacting protein kinase 4 (RIPK4)-deficient mice have epidermal defects and fusion of all external orifices. These are similar to Bartsocas-Papas syndrome and popliteal pterygium syndrome (PPS) in humans, for which causative mutations have been documented in the RIPK4 and IRF6 (interferon regulatory factor 6) gene, respectively. Although genetically distinct, these syndromes share the anomalies of marked pterygia, syndactyly, clefting and hypoplastic genitalia. Despite the strong resemblance of these two syndromes, no molecular connection between the transcription factor IRF6 and the kinase RIPK4 was known and the mechanism underlying the phenotype was unclear. Here we describe that RIPK4 deficiency in mice causes epithelial fusions associated with abnormal periderm development and aberrant ectopic localization of E-cadherin on the apical membrane of the outer peridermal cell layers. In Xenopus, RIPK4 depletion causes the absence of ectodermal epiboly and concomitant gastrulation defects that phenocopy ectopic expression of dominant-negative IRF6. We found that IRF6 controls RIPK4 expression and that wild-type, but not kinase-dead, RIPK4 can complement the gastrulation defect in Xenopus caused by IRF6 malfunctioning. In contrast to the mouse, we observed only minor effects on cadherin membrane expression in Xenopus RIPK4 morphants. However, gastrulation defects were associated with a virtual absence of cortical actin in the ectodermal cells that face the blastocoel cavity and this was phenocopied in embryos expressing dominant-negative IRF6. A role for RIPK4 in actin cytoskeleton organization was also revealed in mouse epidermis and in human epithelial HaCaT cells. In conclusion, we showed that in mice RIPK4 is implicated in cortical actin organization and in E-cadherin localization or function, which can explain the characteristic epithelial fusions observed in PPSs. In addition, we provide a novel molecular link between IRF6 and RIPK4 that unifies the different PPSs to a common molecular pathway.
The epidermis functions as a protective barrier preventing fluid loss and protecting from environmental insults. During embryogenesis, the developing epidermis is covered by a thin layer of peridermal cells. 1 Upon cornification of the underlying epidermis, the periderm regresses and is shed. 2 Previous studies indicated that receptor-interacting protein kinase 4 (RIPK4) has a crucial role in epidermal differentiation and can participate in cutaneous inflammation. [3] [4] [5] RIPK4 is a member of the RIP serine/threonine kinase family, which act as integrators of stress signals leading to the activation of NF-κB, MAP kinases, cell death or inflammation. 6, 7 All RIPKs contain a homologous kinase domain but have different protein-protein interaction domains allowing them to function in different pathways. RIPK4 consists of an N-terminal kinase domain, an intermediate domain and a C-terminus containing 11 ankyrin repeats. RIPK4 − / − mice display thickened skin showing aberrant expression of keratinocyte differentiation markers. 3 However, the etiology of this phenotype remains unclear. As the outermost layer of the RIPK4 − / − epidermis is composed of flattened nucleated cells, it was presumed that the skin of these mice is parakeratotic. RIPK4
− / − mice also exhibit partial fusion of the limbs to the body, reduced skin folds and fusion of external orifices, including the nose, mouth and anus. 3 These mice die at birth because of their inability to breathe. RIPK4 was found to be mutated in humans affected by an autosomal-recessive form of popliteal pterygium syndrome (PPS), also known as Bartsocas-Papas syndrome (BPS).
have a defective skin barrier function and cleft palate, and RIPK4 − / − keratinocytes fail to differentiate in vitro. In Xenopus, we show that IRF6 controls RIPK4 expression and that RIPK4 can rescue developmental defects imposed by IRF6 dysfunction, thereby identifying a novel genetic interaction between IRF6 and RIPK4. Importantly, we found that RIPK4-deficient mice display peridermal abnormalities associated with aberrant apical E-cadherin localization explaining the epithelial fusion phenotypes observed in RIPK4
− / − mice and humans. In addition, we show that RIPK4 can modulate the actin cytoskeleton, for which an intimate link with cadherin regulation is known.
14 These findings shed a new light on the underlying pathways causing different pterygium syndromes.
Results
RIPK4 deficiency leads to impaired keratinocyte differentiation and abnormal periderm retention. To elucidate the RIPK4 function in epidermal development, we analyzed the skin of RIPK4
− / − and RIPK4 +/+ mouse littermates. We confirmed the reported 3 abnormal expression pattern of keratinocyte differentiation markers in E18.5 RIPK4
− / − skin ( Figure 1a) . In contrast to wild-type (WT) skin, in which K14 expression is confined to the basal layer, we observed positive K14 staining in the outermost cell layers of RIPK4 
. In contrast to WT skin, the outermost epidermal cell layers are nucleated in RIPK4 − / − skin (Figures 1a and c). This phenotype was originally described as parakeratosis, 3 defined as keratinization with retention of nuclei. However, patches of anuclear corneocytes are found beneath the outermost nucleated cells (Figures 1a and c) . Therefore, we reasoned that the outermost nucleated cells are not parakeratotic keratinocytes, but have a different origin. The outermost cell layers of RIPK4 − / − skin have microvilli at the apical surface (Figure 1c, inset) , a typical feature of periderm cells. 1, 2, [15] [16] [17] The presence of both K6 and K17 15, 16 confirmed the peridermal nature of the outermost skin layers in RIPK4 − / − embryos (Figures 1a and d) , which persists in E18.5 RIPK4 − / − mice, whereas isolated E18.5 WT littermate embryos are devoid of periderm ( Figure 1a) . In contrast to RIPK4 +/+ littermates, abnormal suprabasal and peridermal proliferation is observed in E16.5 RIPK4
− / − skin, as shown by the presence of BrdU positivity, multiple p63-positive nuclei and peridermal marker K17 staining 15 ( Figure 1d , lower panels). At E17.5, epidermal proliferation was restricted to the basal layer both in RIPK4 +/+ and RIPK4 − / − epidermis (Supplementary Figure S1 ). These observations suggest that differentiation-induced proliferation arrest of suprabasal cells is delayed in RIPK4 − / − epidermis.
RIPK4 is required for skin barrier formation. An abnormal skin architecture resembling that of RIPK4 − / − mice was also reported for IRF6 − / − mice, which have a defective skin barrier. 10, 11 In WT mice, the skin barrier starts forming at E16 and is fully functional at E17. 18 Dye exclusion assays showed that toluidine blue and lucifer yellow penetrate E18.5 RIPK4 − / − skin but not RIPK4 +/+ skin (Figures 2a and b ), indicating that a mature outside-in barrier is not formed in RIPK4
− / − skin. In E18.5 RIPK4 +/+ embryos, the dermally injected biotin tracer was stopped at the transition of the upper granular layer to the cornified layer (Figure 2c ), whereas in RIPK4 − / − skin the biotin tracer diffused to the top layers of the skin, showing that a functional inside-out barrier was absent. Interestingly, the biotin tracer was excluded from the cornified patches in RIPK4 − / − skin, suggesting the presence of a functional barrier at these patches (Figure 2c ). Taken together, these results demonstrate unequivocally that RIPK4 is important for normal skin barrier formation.
RIPK4
− / − mice have multiple abnormal epithelial fusions characterized by aberrant apical E-cadherin localization. The most striking characteristic of RIPK4 − / − mice is the epithelial fusion of all external orifices and the esophagus, as well as the partial attachment of limbs to the body wall 3 ( Figures 3a-f ), but it remains unclear how these fusions arise. When we analyzed different embryonic stages, we found that the mouth cavity is initially formed in E12.5 RIPK4 Figure S2J ). We believe that this is caused by fusion of the tongue to the developing palatal shelves, which prevents the formation of the secondary palate ( Supplementary Figures S2B-D 
, G, H and I).
We hypothesized that the fusions could be caused by abnormal periderm adhesion. We found that the adhesion molecule E-cadherin, which is absent from the apical side of RIPK4 +/+ peridermal cells, was frequently localized apically in K17-positive RIPK4 − / − peridermal cells lining the oral cavity, esophagus and skin of RIPK4 − / − mice (Figures 3i, k, m and n). Ectopic localization of E-cadherin at the apical surface of two apposed epithelia could cause them to adhere and subsequently fuse. This likely explains the intraoral and esophageal fusions and the partial attachment of the limbs to the body wall in RIPK4
− / − mice ( Figures 3b, d and f). Similar to the hypoplastic external genitalia observed in humans affected by PPS, 8, 9 the genital tubercle was lacking in RIPK4 − / − mice (Figures 3f and 4a ).
Morphogenetic defects upon RIPK4 depletion in Xenopus embryos. To further investigate the developmental function of RIPK4, we used the Xenopus tropicalis frog model. We depleted zygotic X. tropicalis RIPK4 (xRIPK4) by using a splicing-blocking morpholino (xRIPK4Mo E2I2 ). The efficacy of this morpholino was shown by RT-PCR analysis, which revealed a concentration-dependent reduction of the WT xRIPK4 transcript (630 bp) together with the appearance of fragments representing aberrant splicing products (Supplementary Figure S3A) . The embryos depleted with xRIPK4Mo E2I2 developed normally through gastrulation and reached the tadpole stages (Figure 4a In addition to the splicing-blocking morpholino, we also used a translation-blocking morpholino (xRIPK4Mo atg ) that blocks translation of zygotic and maternal transcripts. Surprisingly, injection of xRIPK4Mo atg induced a severe gastrulation defect (Figures 4b-d) . The RIPK4-depleted embryos had a wide open blastopore and displayed complete exogastrulation, consequently failing to internalize the endodermal and mesodermal tissues and lacking axial features (Figure 4b , second panel). This gastrulation block was completely rescued in 70% of the embryos by coinjection of hRIPK4 mRNA but not by coinjection of mRNA coding for catalytically inactive hRIPK4K51R mutant [19] [20] [21] (Figures 4b (third and fourth panel) and c and Supplementary Figure S3C) , showing that the phenotype is specific and depending on the RIPK4 kinase activity. To rule out that the severe gastrulation defect is secondary to a cell fate change, we analyzed expression of the dorsal organizer gene chordin by whole-mount in situ hybridization. The expression pattern of this marker was normal in xRIPK4Moatg-injected embryos, although the domain of chordin expression was consistently narrower in RIPK4 morphants, indicative of mild ventralization (Supplementary Figure S3B) . This is in line with the reported expanded domain of chordin expression observed upon overexpression of RIPK4 in Xenopus that could be due to increased Wnt/β-catenin signaling. 22 However, it is important to note that embryos that are completely ventralized by depletion of maternal β-catenin do still gastrulate. 23 Hence, we believe that the strong gastrulation phenotype we observe cannot be attributed to aberrant Wnt signaling alone or cell fate changes in general and is the result of aberrant morphogenetic movements.
Epiboly during amphibian gastrulation involves the thinning and spreading of the multilayered animal cap cells. The rapid expansion of ectodermal surface to cover the embryo and engulf the endoderm that is required during epiboly is achieved by the radial intercalation of several cell layers in the blastocoel roof (BCR), causing its thinning. [24] [25] [26] [27] In contrast to control-injected embryos, we noticed that the BCR of xRIPK4Mo atg -depleted embryos showed impaired thinning of the ectodermal cell layers (Figure 4d ), suggesting that this is the onset of a disrupted epibolic movement hampering gastrulation.
RIPK4 overexpression affects cellular morphology in a kinase-dependent manner. To study the effect of hRIPK4 overexpression in keratinocytes, we transduced doxycycline (dox)-inducible hRIPK4-Flag constructs in the HaCaT keratinocyte cell line. Inducible overexpression of luciferase-Flag was used as a negative control. Although parental and control-transfected HaCaT cells grew in characteristic round islands with cells showing stable contacts and minimizing their cell-free borders, hRIPK4WT-expressing cells acquired a more scattered and fusiform morphology (Figure 5a ). Phalloidin staining in control-transfected cells showed tight cell-cell contacts and filamentous-actin (F-actin) concentrated in parallel bundles at the cell-free borders of the islands. In contrast, the loosely arranged cells overexpressing WT RIPK4 had scarce cell-cell contacts and F-actin primarily organized in stress fibers and in filopodial and lamellipodial extensions ( Figure 5b ). Although this phenotype resembles epithelial-mesenchymal transition, we did not observe changes in the expression levels of E-cadherin or mesenchymal markers such as vimentin (Supplementary Figure S4) . The change in cellular morphology was dependent on the RIPK4 kinase activity (Figures 5a and b). To further address the role of RIPK4 in actin cytoskeleton organization, we stained RIPK4 +/+ and RIPK4 − / − skin sections for F-actin. RIPK4 +/+ epidermis displayed a membrane-associated F-actin network that was enriched at cell-cell contacts, but this cortical network was strongly reduced or absent in RIPK4 − / − epidermal cells ( Figure 5c ). These data confirm the importance of RIPK4 for correct cytoskeletal organization.
Effects of RIPK4 mutants on cell scattering and Xenopus gastrulation. To address the functional properties of RIPK4 mutants identified in BPS, 8, 9 we cloned four of these mutants: one introducing a frameshift and premature stop codon in the kinase domain (hRIPK4ins777a), one introducing a stop at the end of the intermediate domain (hRIPK4S376X), and two missense mutants in the kinase domain (hRIPK4I121N and hRIPK4T184I) (Figure 5f ). HaCaT cells were transduced with these Flag-tagged, dox-inducible hRIPK4 constructs together with an NF-κB reporter. Overexpression of hRIPK4WT led to cell scattering associated with the appearance of multiple lamellipodia and cytoskeletal rearrangements (Figures 5a and d). but the BPS-associated hRIPK4I121N; T184I and ins777a mutants did not induce changes in cell morphology or actin organization ( Figure 5d and Supplementary Figure  S5 ). Overexpression of a truncation mutant with an intact kinase domain (hRIPK4S376X) did cause cell scattering ( Figure 5d and Supplementary Figure S5) . Interestingly, the latter mutant could still activate NF-κB, while mutants with a mutant kinase domain failed to do so ( Figure 5e ).
To study the functional properties of the BPS-associated RIPK4 mutants in vivo, we tried to complement the gastrulation defect in xRIPK4Moatg-injected X. tropicalis embryos by +/+ littermates. Both dyes penetrate RIPK4 − / − skin but not RIPK4 +/+ skin. (c) Inside-out skin barrier was analyzed by dermal injection of a biotin tracer followed by streptavidin staining (green). Nuclei were stained with Hoechst (Blue). The biotin tracer is stopped at the transition of the granular layer to the cornified layer in RIPK4 +/+ skin, but migrates until the outer skin surface in RIPK4
− / − skin. The biotin tracer is excluded from cornified patches (arrowheads) in RIPK4 − / − skin. Scale bars: 20 μm An IRF6-RIPK4 axis prevents PPS fusions P De Groote et al coinjecting in vitro transcribed mRNA coding for several of the disease-related human RIPK4 (hRIPK4) mutants. As expected, WT hRIPK4 rescued the gastrulation block. In contrast, none of the clinical RIPK4 mutants was able to do so ( Figure 6 and Supplementary Figure S6 ). The hRIPK4ins777a mutant showed a lower expression level, suggesting that the mRNA or protein of this mutant is less stable.
In conclusion, our experiments indicate that RIPK4-induced cell scattering is related to rearrangement of the actin cytoskeleton. Moreover, both in keratinocyte cell cultures − / − mice compared with RIPK4 +/+ littermates: E-cadherin (E-cadh) (red), keratin 17 (K17) (green) and nuclei by Hoechst (blue). In RIPK4 +/+ embryos, E-cadh is absent from the apical side of superficial periderm cells (g, h, j and l), but present at the apical side in superficial periderm cells of RIPK4 − / − embryos (i, k and m). (n) E-cadh (red) and K17 (green) immunofluorescence analysis of RIPK4 +/+ and RIPK4 − / − littermate skin at the indicated developmental stages. Scale bars: (a, b, e and f) 500 μm; (c and d) 20 μm; (g-m) 5 μm; and (n) 10 μm and in Xenopus, the BPS-associated hRIPK4 mutants behave like the experimental kinase-dead mutant, except for the S376X mutant in keratinocytes.
Ectopic RIPK4 expression rescues IRF6 deficiency. The RIPK4 − / − mouse phenotype we observed is similar to that of the IRF6 − / − and the IRF6 R84C/R84C mice. 10, 11 Moreover, similar to RIPK4 activity, IRF6 is also required for gastrulation in Danio rerio and X. laevis. 28 Until now, there is no evidence that functionally connects these two molecules. A hRIPK4 promoter reporter construct was significantly induced by cotransfection of hIRF6 in mammalian cells, showing that RIPK4 can act downstream of IRF6 (Figure 7a) . Furthermore, X. tropicalis embryos injected with a dominant-negative IRF6 Interestingly, coinjection of hRIPK4 mRNA completely rescued this gastrulation defect in 20% of the embryos (Figures 7c (lower panel) and d ) and ameliorated gastrulation in the remaining 80%. This indicates that the disruption of gastrulation by IRF6DBD is at least partially due to suppression of RIPK4. Interestingly, it was reported that disruption of gastrulation movements by the expression of IRF6DBD in zebrafish embryos was accompanied by a substantial reduction of cortical actin in the superficial cell layer. 28 Therefore, we performed actin staining on stage 11 animal caps isolated from embryos injected with either RIPK4Mo atg or IRF6DBD RNA. Although control morpholinoinjected animal caps showed high levels of cortical actin in the cells facing the blastocoel, little F-actin was present in similar stage animal caps injected with RIPK4Mo atg or IRF6DBD RNA (Figure 7e ). This further confirms that the phenotypes of embryos injected with either RIPK4Mo atg or IRF6DBD RNA are due to comparable cellular dysfunctional processes. Figure S6) An IRF6-RIPK4 axis prevents PPS fusions P De Groote et al Discussion PPS are congenital disorders characterized by the presence of abnormal skin webbings (pterygia) behind the knee joint, often accompanied by other developmental defects affecting the skin, face and genitalia. The autosomal dominant form of PPS (MIM: 119500) is caused by mutations in the IRF6 gene, 12, 29 whereas the autosomal-recessive form of PPS, also referred to as BPS (MIM: 263650), was linked to inactivating RIPK4 mutations. 8, 9 Despite the strong resemblance of these two syndromes, 30 no molecular interconnection between IRF6 and RIPK4 was known.
Here, we describe a novel epistatic IRF6-RIPK4 signaling axis that links the phenotypes observed in both PPS syndromes. RIPK4
− / − mice display abnormal apical localization of cadherin in several surface epithelia that show characteristics of aberrantly differentiated periderm, such as the oral cavity epithelia and skin. We believe that this ectopic − / − mice is in accordance with the epithelial fusions at flexural surfaces of knees and elbows in PPS patients. The observation that the mouth cavity of RIPK4 − / − embryos is formed but fuses from E13.5 onwards suggests that most of the developmental abnormalities observed in RIPK4 − / − mice and BPS are secondary defects resulting from epithelial fusions and are not due to aberrations in the developmental program as such.
We found that the presence of nuclei in the most superficial layers of RIPK4 − / − skin is due to impaired periderm shedding, rather than merely parakeratosis as suggested before. 3 The defect in periderm shedding at E18.5 could be a consequence of incomplete cornification and lack of proteasomal degradation of desmosomes. Indeed, intact desmosomes were observed within and between the cornified patches and periderm of E18.5 RIPK4
− / − skin (data not shown). Abnormal peridermal differentiation and adhesion has also been observed in mice mutant in IRF6 and Jagged2. 31 Discontinuous cornified patches as in RIPK4
− / − skin has not been reported for IRF6
− / − mice, 10 but was observed in IRF6 +/R84C SFN +/Er mice that are compound heterozygous for a disease-related IRF6 mutant and for a mutation in the phosphoserine-threonine-binding protein stratifin. 11 This suggests that RIPK4 − / − mice phenocopy mice with reduced but not complete loss of IRF6 activity, or that RIPK4 integrates signals from multiple developmental cues. As reported for IRF6 − / − keratinocytes, 13 we were unable to induce differentiation of cultured RIPK4 − / − keratinocytes, which points to a cell autonomous defect. Partial keratinocyte differentiation in vivo, but in the absence of differentiation in vitro, was also observed for IKK1 − / − skin. [32] [33] [34] [35] However, the molecular mechanism explaining the difference between these in vivo and in vitro data remains elusive.
Although in Xenopus RIPK4 depletion by a splicing-blocking morpholino resulted in a late developmental phenotype partially reminiscent to what is observed in mice and humans, 3, 8, 9 that is, cloacal fusion and anal atresia, the injection of a translation-blocking morpholino instead induced an early gastrulation defect, which phenocopies the developmental disruptions caused by interference with IRF6 function in both Xenopus and zebrafish. 28 While splicing-blocking morpholinos only interfere with zygotic expression, translation-blocking morpholinos also target maternal transcripts, which could explain the observed phenotypic differences. Similar time-dependent differences in phenotype have been described for IRF6. 10, 11, 28 Ectopic expression of WT hRIPK4 rescued the exogastrulation caused by IRF6DBD expression, suggesting that IRF6-dependent gastrulation in Xenopus is mediated, at least in part, through transcriptional regulation of RIPK4. Indeed, we found that IRF6 overexpression transactivated the hRIPK4 promoter. Blocking IRF6-mediated transcription in frog embryos led to decreased RIPK4 mRNA levels. Moreover, IRF6 was also shown to be required for periderm differentiation and RIPK4 mRNA expression in zebrafish. 36 The latter study also reports that the transcription factor Grhl3 (grainyhead-like 3) acts downstream of IRF6 to induce periderm differentiation in zebrafish.
However, Grhl3 mRNA expression levels were similar in WT and RIPK4
− / − epidermis (Supplementary Figure S7) . A very recent study found that RIPK4 can stimulate IRF6 transactivation and nuclear localization, probably by phosphorylating the IRF6 C-terminal domain. 37 All these data suggest that mutual crosstalk between IRF6 and RIPK4 occurs in which IRF6 initially stimulates RIPK4 expression, which then further amplifies IRF6 activity. Besides IRF6, the transcription factor p63 was also reported to increase RIPK4 expression. 9 However, we could not confirm p63-mediated transactivation of a RIPK4 promoter construct (data not shown). This could suggest that although the hRIPK4 genomic region contains p63-binding sites, the direct effect of p63 on RIPK4 expression is limited. In contrast, p63 might indirectly affect RIPK4 expression via its effect on IRF6 expression. 38 This increase in IRF6 may then lead to p63 degradation in keratinocytes, thereby restricting the proliferative potential and promoting keratinocyte differentiation. 39 Our data do not exclude that under certain conditions an interplay between IRF6 and p63 directly enhances RIPK4 promoter activity.
We found that all RIPK4 biological functions investigated are dependent on its kinase activity. Likewise, kinase-dead BPSassociated RIPK4 mutants could not rescue the gastrulation block caused by RIPK4 depletion. Consequently, overexpression of these mutants in HaCaT cells failed to induce scattering, except for the S376X mutant. The S376X mutant has an intact kinase domain and hence it could be a hypomorphic mutation rather than an amorphic one. This could explain why this mutant was identified in a non-lethal Bartsocas-Papas patient, 8 whereas most of the patients die shortly after birth. Why this mutant does not rescue the exogastrulation phenotype in the complementation experiment in Xenopus embryos while it can still induce cell scattering and NF-κB activation is not clear. It could be due to differences in sensitivity of the different assays used or to the fact that the S376X mutant lacks the ankyrin repeat domains, probably acting as a protein-protein interaction domain.
Although ectopic apical localization of E-cadherin could explain the epithelial fusions observed in RIPK4 − / − mice and PPS patients, it is more difficult to clarify the gastrulation phenotype in RIPK4-depleted frog embryos. During gastrulation in Xenopus, involution of the mesoderm through the blastopore is coupled to epiboly movements where the BCR shows rapid thinning via radial intercalation of the deep animal ectodermal cells. 26, 27 This requires dynamic cadherinmediated interactions between the neighboring interdigitating cells. 40 During this process, a decrease in C-cadherinmediated adhesiveness has been reported. 41, 42 Hence, the gastrulation block observed in Xenopus upon RIPK4 depletion can be due to the absence of dynamic cadherin activity, which may involve endocytosis and recycling of cadherin complexes and bidirectional interactions with the cytoskeleton. 43 Indeed, in the RIPK4 morphants we observed only minor effects on cadherin expression levels, while the actin cytoskeleton was strongly affected. Moreover, membrane-bound cortical F-actin was also absent in epidermal cells of RIPK4 − / − mice. Correct organization of the cortical actin cytoskeleton is essential for gastrulation movements in Xenopus. 44, 45 Our data suggest an important function for RIPK4 in regulating F-actin organization. How RIPK4 exactly affects the cytoskeleton and cellular adhesion remains to be determined.
Why RIPK4 or IRF6 depletion or inactivation results in a gastrulation defect in the frog but not in humans or mice may be due to the particular morphogenetic movements associated with gastrulation in Xenopus embryos. Compared with amniotes, in which gastrulation is more characterized by epithelial-to-mesenchymal transition-dependent cell ingression through the primitive streak, 46 gastrulation in amphibian embryos involves the rapid invagination and involution of a circumferential band of mesodermal cells coupled to epiboly movements of the ectodermal animal pole cells. We believe that the disruption of these epiboly-associated movements due to the defective thinning of the animal BCR underlies the gastrulation defect in Xenopus. Gastrulation defects or cloacal swelling were not reported for RIPK4-depleted X. laevis embryos. 22 However, it should be pointed out that in contrast to X. tropicalis (used in our study), X. laevis has two RIPK4 genes and the morpholinos used by Huang et al. 22 contains mismatches with the xRipk4-b gene, possibly explaining the absence of a gastrulation or cloacal phenotype in this study compared with ours. In line with the Huang et al. 23 study, we found that RIPK4 depletion in X. tropicalis narrowed the expression domain of chordin, a dorsal organizer gene. This is consistent with a slight reduction in maternal Wnt/β-catenin signaling. Because embryos depleted for maternal β-catenin do gastrulate normally, 23 defective β-catenin signaling cannot explain the gastrulation defect caused by xRIPK4 depletion. Likewise, keratinocyte-specific β-catenin deletion did not result in epidermal and oral fusions. 47 This suggests that in addition to Wnt/β-catenin signaling, RIPK4 has to exert additional functions.
In summary, we identified a novel IRF6-RIPK4 pathway. In addition, our data underscore the importance of correct periderm differentiation during mouse embryonic development. Importantly, we add RIPK4 as a new player regulating cytoskeletal dynamics and restricting intercellular adhesion. This observation could also have important consequences for other diseases, such as cancer, in which it is important to maintain strong adhesion between the primary tumor cells to avoid metastasis. However, the mechanisms downstream of RIPK4 signaling remain to be determined. Finally, the extreme similarity between BPS patients and RIPK4
− / − mice makes these mice a good model system for studying PPS syndromes.
Materials and methods Animals. C57BL/6 RIPK4 +/ − mice were kindly provided by Dr. P Holland (Amgen Inc., Seattle, WA, USA). Mice were housed at the VIB Department for Molecular Biomedical Research in either specific pathogen-free or conventional animal facilities. RIPK4
− / − embryos were derived from timed RIPK4 +/ − intercrosses followed by cesarean section at the indicated gestation times. All experiments were conducted according to institutional, national and European animal regulations.
Skin barrier assays. For toluidine blue assay, embryos were dehydrated by incubating them for 1 min each in 25, 50 and 75% methanol in PBS, followed by 100% methanol. Subsequently, they were rehydrated, washed in PBS and stained for 1 min in 0.0125% toluidine blue O (Fisher Scientific, Erembodegem, Belgium) in PBS. After destaining in PBS, embryos were photographed with a digital camera.
For lucifer yellow penetration assay, whole embryos were stained in 1 mM Lucifer yellow in PBS (Fluka Chemical Co, Bornem, Belgium) and killed after 1 h of incubation. Frozen sections were prepared from back skin samples, counterstained with Hoechst dye and imaged on an Olympus BX61 (Olympus, Tokyo, Japan) fluorescence microscope. The inside-out skin barrier was analyzed by dermal injection of EZ-Link Sulfo-NHS-LC-Biotin (Pierce Chemical Co, Rockford, IL, USA) in PBS containing 1 mM CaCl 2 was injected into the dermis in the dorsal part of the neck of E18.5 embryos. After incubation for 30 min, embryos were killed and the skin was fixed and embedded in paraffin.
Histology and immunocytochemistry. Killed embryos were fixed overnight in 4% PAF, dehydrated and embedded in paraffin. Sections of 5 μm were processed and stained with hematoxylin and eosin. For immunohistochemistry, antigen retrieval was performed by boiling in 1x target retrieval solution (Dako REAL, Dako Belgium, Heverlee, Belgium) and detection was carried out with primary antibodies. Primary antibodies were detected with the HRP (DAB) Kit (Dako EnVision System, Glostrup, Denmark) or Alexa Fluor secondary antibodies. Histological images were taken on an Olympus BX51 (Olympus) brightfield microscope. Confocal images were taken with a Leica SP5, (Leica Microsystems Belgium, Diegem, Belgium), making use of a × 63, 1.4 NA oil immersion lens. In case of phalloidin staining, killed embryos were isolated and skin tissue was prepared by embedding skin in Neg-50 frozen section medium (cat. no. 6506; Microm-Prosan, Merelbeke, Belgium). Sections of 10 μm were thawed, fixed in 4% PFA in PBS for 15 min and washed three times with PBS. Then, sections were treated with 0.2% Triton X-100 in PBS, three times for 5 min with 0.05% Triton X-100, 1 h with 1% BSA and 0.05% Triton X-100. Finally, sections were stained by incubating for 1 h with Phalloidin-TRITC (Sigma-Aldrich, Bornem, Belgium), washed three times with 0.05% Trition X-100 in PBS, stained with Hoechst and mounted. Confocal images were captured with a Zeiss LSM780 confocal microscope (Zeiss, Zaventem, Belgium), The pinhole was set at 1 airy unit and 2x line averaging was applied to reduce noise. Fifteen Z-sections were made with a 0.49 μm z-spacing.
Immunofluorescence staining and imaging of Xenopus animal caps. For anti-actin staining in Xenopus embryos, animal caps were excised at stage 11 and fixed in 3.7% formaldehyde for 30 min. Fixed caps were then washed in PBT (PBS + 0.1% Tween-20), blocked with 10% normal goat serum at room temperature for 1 h and then incubated with anti-actin monoclonal antibody (1 : 1000; MP Biomedicals, Santa Ana, CA, USA) overnight at 4°C, followed by extensive washing with PBS, 0.1% Triton X-100. An Alexa Fluor 488-conjugated goat anti-mouse IgG (1 : 500; Life Technologies, Merelbeke, Belgium) was then added. All caps were imaged with the same imaging parameter setup.
Electron microscopy. For transmission electron microscopy, small fragments of E18.5 embryonic skin of WT and KO mice were submerged in a fixative solution of 2.5% glutaraldehyde and 3% formaldehyde in 0.1 M Na-cacodylate buffer with CaCl 2 (200 mg/l), placed in a vacuum oven for 30 min and then left rotating for 3 h at room temperature. The solution was replaced with fresh fixative and samples were left rotating overnight at 4°C.
After washing, samples were postfixed in 1% OsO 4 with K 3 Fe(CN) 6 in 0.1 M Na-cacodylate buffer, pH 7.2. Samples were dehydrated through a graded ethanol series, including staining with 2% uranyl acetate at the 50% ethanol step, and then embedded in Spurr's resin. Ultrathin sections of a gold interference color were cut with an ultramicrotome (Leica EM UC6, Leica Microsystems Belgium), Sections were imaged with a JEM 1010 (Jeol, Tokyo, Japan) transmission electron microscope.
Plasmids and lentiviral constructs. hRIPK4 and human E-cadherin cDNA were PCR amplified, with or without the stop codon (primer sequences; Supplementary Table S1), and cloned using CloneEZ (Genscript, Piscataway, NJ, USA) into pENTR3C (Invitrogen, Merelbeke, Belgium) digested with EcoRI and XhoI. RIPK4 mutants were generated by standard QuikChange mutagenesis (Stratagene, La Jolla, CA, USA) using pENTRhRIPK4 as template (primer sequences; Supplementary Table S1 ). All cDNAs were sequence verified at the pENTR3C level and transferred by Gateway LR-recombination into the appropriate destination vectors.
For Xenopus rescue experiments, LR-recombination reactions of stop codon bearing hRIPK4WT and mutants were performed with pdCS2-MT, constructed by rfA Gateway cassette insertion into pCS2-MT, which provides an N-terminal Myc-tag. zIRF6DBD was a kind gift from Dr. Robert A Cornell (University of Iowa, Iowa City, IA, USA Cell culture and lentiviral transduction. HEK293T and HaCaT cells were cultured in DMEM supplemented with 10% fetal calf serum, penicillin (100 IU/ml), streptomycin (0.1 mg/ml), L-glutamine (0.03%) and sodium pyruvate (0.4 mM). For lentivirus production, HEK293T cells were co-transfected with the modified pLenti6 plasmids and packaging plasmids (pMD2-VSV-G and pCMV delta R8,91). After 48 h, the viral supernatant was harvested. HaCaT cells were transduced by two consecutive infections of 8 h each. After 48 h, stably transduced cells were selected with puromycin, blasticidin or neomycin. After 24 h, transgene expression was induced for the indicated time courses by the addition of 1 μg/ml dox (Sigma-Aldrich, Bornem, Belgium).
Reporter assays. For NF-κB reporter assay, stable NF-κB reporter (pGreenFire; SBI) containing HaCaT cells were transduced with inducible hRIPK4 constructs, as described in the previous section. Transgene expression was induced for 24 h with 1 μg/ml doxycycline; non-induced controls were included. Cells were lysed in luciferase lysis buffer (25 mM Tris phosphate, pH 7.8, 2 mM DTT, 2 mM CDTA, 10% glycerol and 1% Triton X-100). Ten microliters of substrate buffer was added (658 μM luciferin, 378 μM coenzyme A and 742 μM ATP) to 50 μl lysate and luciferase activity (Luc) was assayed in a GloMax 96 Microplate Luminometer (Promega, Leiden, Netherlands). The obtained luciferase values were normalized to non-induced conditions. Equal amounts of lysates were analyzed by western blotting. For measuring RIPK4 promoter activity, HEK293T cells were transfected with 25 ng of RIPK4 promoter construct (GeneCopoeia; HPRM20329-PG02), 25 ng of pACT β-galactosidase and 25 ng of pcDNA hIRF6-Flag plasmid. Luciferase activity was assayed according to the manufacturer's instructions. Luc values were normalized for Gal values to correct for differences in transfection efficiency.
Primary keratinocyte isolation and differentiation. Primary keratinocytes were cultured in defined SKGM (Gibco, Life Technologies) supplemented with KGM Single Quots (Clonetics, San Diego, CA, USA). Embyros were dissected out and whole skin was isolated and disinfected in isobetadine for 30 min. Skins were washed in 70% ethanol and gentamycin in PBS and incubated at 4°C overnight while floating on 5 mg/ml dispase II in the keratinocyte medium. Epidermis was separated from the dermis and minced with a scalpel. The epidermal tissue pieces were then incubated in 0.5% trypsin/EDTA, with 1 μg/ml DNAseI (Roche, Vilvoorde, Belgium) for 10 min at 37°C. For differentiation, cells were lysed with NP40 lysis buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl, 10% glycerol, 1% NP40, 2 mM EDTA) after 3 days of postconfluent growth, in the keratinocyte medium or keratinocyte medium supplemented with 1.2 mM Ca 2+ or 10 − 7 M 1α,25-dihydroxide cholecalciferol (vitamin D; Sigma-Aldrich).
RNA/morpholino injections in Xenopus. X. tropicalis embryos were collected from natural mating couples and dejellied in 3% cysteine in 1 × MMR buffer. Two-cell stage embryos were injected while submerged in 0.1 × MMR containing 6% Ficol and cultured at 22°C. The morpholinos against xRIPK4 were designed by Gene Tool with nucleotide sequences: xRIPK4Mo atg : 5′-ATGC GCCCTCCTTATCCATGGTGCC-3′; xRIPK4Mo E2I2 : 5′-AGATATAACAGTCACTTA CCTTCAC-3′. As control, the standard control morpholino, CoMo (Gene Tool, Philomath, OR, USA) was used. Morpholino and CoMo were injected at the doses indicated in the figure legends. Capped RNA was synthesized by using SP6 RNA polymerase (Capped RNA Transcription Kit; Applied Biosystems, Life Technologies). For RNA extraction and quantitative RT-PCR, 10 embryos were pooled for each sample. Total RNA was then extracted using the Aurum Total RNA fatty and Fibrous Tissue Kit (Bio-Rad, Temse, Belgium). cDNA was synthesized from 1 μg total RNA with oligo-dT and random hexamer primers using iScript cDNA Synthesis Kit (BioRad) according to the manufacturer's instruction. Real-time qPCR analysis was performed in triplicate using the qPCR Kit SYBR Green (Roche Applied Biosystems, Vilvoorde, Belgium) on the LightCycler 480 Real-time PCR system (Roche). All primers were designed using the Primer Express 1.0 software (Perkin-Elmer Applied Biosystems, Waltham, MA, USA) and are shown in Supplementary Table  S2 . For western blotting, 10 embyros were lysed per sample, using NP40 lysis buffer (20 mM Tris-HCl, pH 8; 150 mM NaCl; 10% glycerol; 1% NP40; 2 mM EDTA). Half of the lysate volume was then loaded on the SDS-PAGE gel.
Whole-mount in situ hybridization. Plasmid pPKS-Chordin (gift of Eric Bellefroid, ULB, Belgium) was linearized with EcoRI and a digitonin-Chordin antisense probe was synthesized using the T7 RNA polymerase and Digitonin Labeling Kit (Roche). Injected embryos were fixed in MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) and whole-mount in situ hybridization (WISH) was performed as essentially described in Sive et al. 2000 (Ref. 7 in Supplementary Information).
Western blotting. Equal amounts of lysates were separated by SDS-PAGE, transferred to nitrocellulose and analyzed by immunoblotting. Proteins were detected using the following antibodies: anti-Flag M2-HRP-conjugated antibody (Sigma-Aldrich), caspase-14 (in-house polyclonal), filaggrin (Covance, Brussels, Belgium), anti-myc HRP conjugated (Invitrogen), β-tubulin-HRP (Abcam, Cambridge, UK), Actin (MP Biomedicals).
More detailed information on Materials and Methods is available as Supplementary Information.
